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Abstract: In this paper, to increase normalized through-
put of the optical code-division multiple-access (CDMA) sys-
tem, optical-CDMA systems with multi-pulse pulse position
modulation (MPPM) using the modified pseudo orthogonal
M-sequence sets is proposed. The throughput performance
and bit error rate (BER) are evaluated by theoretical analy-
sis. Consequently, the normalized throughput of the proposed
system can achieve 1.35 [bit/chip] when the number of slots
per frame is 16. Furthermore, BER of the proposed system is
superior to that of the conventional systems.

1. Introduction
Recently, there has increasing interest in optical communi-
cations such as fiber-optic communications and optical wire-
less communications. As a multiple access technique in the
optical communication, optical code-division multiple-access
(OCDMA) schemes have attracted much attention because
these schemes allow multiple users to access the network
asynchronously and simultaneously. In the OCDMA system
using unipolar modulation, each user is assigned one par-
ticular optical spreading code. It is expected that the opti-
cal spreading code, which is assigned to each user, fulfills
the following two conditions: (1) the relation between any
two spreading codes is orthogonal and (2) the number of
generated orthogonal codes, N , per spreading code length,
L , is large, that is, N/L ≥ 1. The OCDMA system
with the spreading code satisfying these conditions can re-
duce the influence of multiple access interference (MAI) and
can realize the high maximum data transmission rate (i.e.,
normalized throughput which is normalized by chip rate).
In the conventional OCDMA systems using unipolar mod-
ulation, the optical orthogonal code (OOC), the extended
prime code sequence and the pseudo orthogonal M-sequence
are reported[1]-[3]. In particular, the number of generated
orthogonal codes of the pseudo orthogonal M-sequence is
equal to the code length. Therefore, when the OCDMA
system uses the On-Off Keying (OOK) and the Multi-pulse
PPM (MPPM)[4] as the unipolar modulation, the normalized
throughput of the OCDMA system with the pseudo orthogo-
nal M-sequence can achieve 1.0 [bit/chip]. However, it can-
not exceed 1.0 [bit/chip] even if the number of pulses in a
PPM frame increases because N/L = 1. Therefore, in order
that the normalized throughput can exceed 1.0 [bit/chip], it
is important to design the optical spreading code which can
achieve N/L > 1.

In this paper, to realize high normalized throughput, we de-
sign the modified pseudo orthogonal M-sequence set[5]. This
modified pseudo orthogonal M-sequence sets fulfills the con-
ditions (1) and (2). Moreover, in this modified pseudo orthog-
onal M-sequence sets, two modified pseudo orthogonal M-

sequences are generated by one primitive M-sequence. These
two modified pseudo orthogonal M-sequences also consist of
zero chips and positive chips. Therefore, the modified pseudo
orthogonal M-sequence sets can achieve N/L�2. In this
paper, we propose the OCDMA system using MPPM with
the modified pseudo orthogonal M-sequence sets and show
the normalized throughput of the proposed OCDMA system.
Moreover, we analyze the bit error rate (BER) performance
of the proposed system by taking into account the scintilla-
tion, background-noise, avalanche photo-diode (APD) noise,
thermal noise and signal dependence noise.

2. Modified pseudo orthogonal M-sequence sets
In this section, we describe the modified pseudo orthogo-
nal M-sequence sets. Let us consider how to design orthog-
onal M-sequences which are M-sequences with additional
one chip. The primitive M-sequence of length LM is de-
fined as a sequence (x1, x2, · · · , xLM ) whose chips xi(i =
1, 2, · · · , M) are either +1 or −1. Moreover, the primi-
tive M-sequence consists of (LM − 1)/2 negative chips and
(LM + 1)/2 positive chips. Therefore, the primitive orthog-
onal M-sequence consists of primitive M-sequence and addi-
tional one chip, that is, the primitive orthogonal M-sequences
OMi(i = 1, 2, · · · , LM ) are8>>><

>>>:

OM1 = { x1 x2 x3 · · · xLM
−1}

OM2 = { x2 x3 · · · xLM
x1 −1}

... = {
... }

OMLM
= { xLM

x1 x2 · · · xLM−1 −1}

(1)

where xi = ±1 (i = 1, 2, · · · , LM ). The cross-correlation
value between any two orthogonal M-sequences is zero. In
this orthogonal M-sequences, the sequences which replace
−1 by zero are denoted MAi(i = 1, 2, · · · , LM ), and the
sequences which replace +1 and −1 by zero and +1 respec-
tively are denoted MBi(i = 1, 2, · · · , LM ). These N = 2LM

sequences, that are MAi and MBi, are M-sequences with
on-off signaling. The sequences length of OM, MA, MB is
L = LM + 1. For example, when LM = 7 [chip], OM , MA

and MB are expressed as

OM =

2
6666664

OM1

OM2

OM3

OM4

OM5

OM6

OM7

3
7777775

=

2
6666664

+1 +1 +1 −1 +1 −1 −1 −1
+1 +1 −1 +1 −1 −1 +1 −1
+1 −1 +1 −1 −1 +1 +1 −1
−1 +1 −1 −1 +1 +1 +1 −1
+1 −1 −1 +1 +1 +1 −1 −1
−1 −1 +1 +1 +1 −1 +1 −1
−1 +1 +1 +1 −1 +1 −1 −1

3
7777775
(2)

MA =

2
6666664

MA1
MA2
MA3
MA4
MA5
MA6
MA7

3
7777775

=

2
6666664

1 1 1 0 1 0 0 0
1 1 0 1 0 0 1 0
1 0 1 0 0 1 1 0
0 1 0 0 1 1 1 0
1 0 0 1 1 1 0 0
0 0 1 1 1 0 1 0
0 1 1 1 0 1 0 0

3
7777775

(3)
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MB =

2
6666664

MB1
MB2
MB3
MB4
MB5
MB6
MB7

3
7777775

=

2
6666664

0 0 0 1 0 1 1 1
0 0 1 0 1 1 0 1
0 1 0 1 1 0 0 1
1 0 1 1 0 0 0 1
0 1 1 0 0 0 1 1
1 1 0 0 0 1 0 1
1 0 0 0 1 0 1 1

3
7777775

(4)

where the ith row vector of OM is OMi, the ith row vector
of MA is MAi and the ith row vector of MB is MBi. These
sequences have the following characteristics

MAOMT =
(

L

2

)
E (5)

MBOMT =
(
−L

2

)
E (6)

OM = MA − MB (7)

where E is a unit matrix and xT is transposed matrix of x.
Therefore, MAi or MBi, that are the on-off signaling, is used
as the optical spreading code at the transmitter and OMi is
used as the reference spreading code at the receiver.

3. The proposed OCDMA system

In the MPPM system with the modified pseudo orthogonal
M-sequence sets, ith user uses the two modified pseudo or-
thogonal M-sequences with on-off signaling (MAi and MBi)
and the one primitive orthogonal M-sequence with polar sig-
naling (OMi). Therefore, when the length of pseudo orthogo-
nal M-sequences is L [chip], the proposed system can achieve
L− 1 simultaneous users. The transmitter signal is generated
by the combination of multi-pulse position and two modified
pseudo orthogonal M-sequences with on-off signaling (MAi

and MBi) at the transmitter. Thus, the
(
M
r

) × 2r transmitter
signal patterns can be formed where r is the number of pulses
in a frame and M is the number of slots in a frame. This
means that the number of bits per frame is �log2

(
M
r

)� + r.
For example, as shown in Fig.1, a transmitter signal can be
expressed when r = 2 and M = 4.

t

1[frame] ( =4[slots] )

1[slot]

t

t

t

P1 P2

P1 P2

P1 P2

P1P2

P1 P2 =

PN1 PN2

PN1 PN1

PN2 PN1

PN2 PN2

⎨
⎧

⎩

4 patterns 
= ( 2 [bit] )

4 patterns 
= ( 2 [bit] )

Pulse Position Pattern :

Two PN codes Pattern :

Total

The No.of patterns

16 patterns 
= ( 4 [bit] )

ex. PN1: MA2 {11010010}      PN2 : MB2 {00101101}
tPN1 t

t

= =

t

PN2

The proposed 2-pulse PPM  : 4 [slot]

Figure 1. The transmitter signal when r = 2 and M = 4

Figure 2 shows the system model of the optical wire-
less MPPM with the modified pseudo orthogonal M-sequence
sets. When source data is k [bit], correspond to k-2 [bit], the
multi-pulse position is chosen by pulse position modulator.
Two spreading codes are selected by switching correspond to
the other 2[bit].
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ex. Source Data k [bit]
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Pulse Position Pattern : k-2[bit]

Figure 2. System model

At the receiver, high-speed switching and optical delay
lines detect received optical power by the assigned primitive
orthogonal M-sequence which are consisted of +1 and −1.
However, it is difficult to deal in a negative optical power. In
this paper, two APD (APD1 and APD2) are used. APD1 is
corresponds to MAi (i.e., a positive chips positions of OMi).
APD2 is corresponds to MBi (i.e., a negative chips positions
of OMi). We define that c = (c1, c2, · · · , cL), where ck is
the received optical power at kth chip. The received optical
power r is directed to multiply MAi and MBi for correlation
operation. These correlation values |cMT

Ai| and |cMT
Bi| are

converted into the electrical signal by APD1 and APD2, re-
spectively. The difference between the output of APD1 and
output of APD2 becomes the correlation value with reference
sequence OMi because OM = MA − MB in Eq.(7). In the
proposed system, the symbol is declared by absolute value
and polarity of the correlation value of each slot. The PPM
decoder declares multi-pulse position by comparing the abso-
lute value of the correlation value of each slot. The spreading
code is declared whether the polarity of the correlation value
is positive or negative. Then the final output bits correspond-
ing to the symbol are given.

4. Normalized throughput
We show the normalized throughput (i.e., maximum data
transmission rate). The normalized throughput is the rate of
the total message bits per one frame of simultaneous users to
the frame length. The proposed system can achieve L − 1
simultaneous users when the length of the modified pseudo
orthogonal M-sequence is L [chip]. While, the conventional
system can achieve LM simultaneous users where LM is the
length of the conventional pseudo orthogonal M-sequence[3].
Therefore, the normalized throughput of the proposed system,
Cpro, and that of the conventional system, Ccon, are derived
respectively, as

Cpro =
L − 1

L
×

⌊
log2

(
M
r

)⌋
+ r

M
[bit/chip] (8)

Ccon =

⌊
log2

(
M
r

)⌋

M
[bit/chip]. (9)
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Fig.3 shows the normalized throughput versus the number
of pulses in a frame when L = 16 [chip] and M = 8, 16
[slot]. The normalized throughput of the proposed system is
better than that of the conventional MPPM system with the
pseudo orthogonal M-sequences and can achieve about 1.35
[bit/chip].
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Figure 3. Normalized throughput versus the number of pulses in a frame
for the proposed system (L = 16) and the conventional MPPM system
considered with M = 8, 16 slots.

5. Theoretical analysis
In this section, we analyze the bit error (BER) rate perfor-
mance of the proposed system using APD in the slot syn-
chronous case. The output of APD is assumed to be a Gaus-
sian distribution. The probability that a specified number of
photons are absorbed from an incident optical field by an APD
detector over a chip interval with Tc is given by a Poisson dis-
tribution[6].

In the optical wireless communication, we need to take
into account the scintillation which influences the attenuation
and the fluctuation of the received optical power. The scin-
tillation Xi for ith user characterized by the stationary prob-
ability process. Its probability density function p(Xi) can be
written as [7]

p(Xi) =
1p

2πσ2
sXi

exp

(
−

„
ln Xi +

σ2
s

2

«2

/2σ2
s

)
(10)

where the average of scintillation X is normalized to unity,
and σ2

s is logarithm variance. The variance σ2
s is determined

by the atmospheric state.
The average number of absorbed photons over Tc is

λs =
ηPw

hf
(11)

where λs is the photon absorption rate, Pw is the received
laser power, η is the APD efficiency, h is Planck’s constant
and f is the optical frequency. Through an avalanche mul-
tiplication process, the APD outputs some electrons in re-
sponse to the absorption of λTc primary photons on the av-
erage. Here, λ represents the total photon absorption rate due
to signal, background light, and APD bulk leakage current.
The total photon absorption rate λ of the proposed system is
given by

λ =
{

L
2 λs + L

2 λb + Ib

e for a mark
L
2

λs

Me
+ L

2 λb + Ib

e for a space (12)

where λb is the photon absorption rate due to actual back-
ground light (λb = ηPb/hf when the background noise per
chip duration is Pb), Ib/e is represents the contribution of the
APD bulk leakage current to the APD output and Me is the
extinction ratio of the laser diode output power in the mark
and space states.

5.1 Bit error rate
We present the BER performance of the proposed system in
the single-user case. In this paper, we define the BERs are
PSER/2 where the PSER is the symbol error rate (SER). The
symbol error rate, PSER, is given by

PSER = 1 − Psuc (13)

where Psuc is the symbol correct rate of the proposed system.
We define M is the number of PPM slots in a frame, r is the
number of pulses in a frame, qk is output of the correlation
value in the kth slot (k = 1, 2, · · · , M ) and |qk| is the absolute
value of the correlation value of kth slot.

t

1[frame]=M[slot]

ex. MA2 : 11010010
MB2 : 00101101

1 2 r M-1…… …… M

Figure 4. An example of a transmit signal pattern of the proposed system

When the desired user transmits using 1th slot, 2th slot,
· · · , (r − 1)th slot and rth slot like Figure 4, the symbol cor-
rect rate of this case can be written as

Prob [q1 > 0, q2 < 0, · · · , qr < 0, (|q1|, · · · , |qr|) > (|qr+1|, · · · , |qM |)] .

In this case, the desired user transmits using MA2 in the 1th
slot. Therefore, the polarity of the q1 must be positive value.
While, in the 2th slot, the polarity of the q2 must be negative
value.

The symbol correct rate at the Figure 4, by the symmetry
property, can be expressed as

Prob [q1 > 0, q2 < 0, · · · , qr < 0, (|q1|, · · · , |qr|) > (|qr+1|, · · · , |qM |)]
= Prob [(q1, · · · , qr) > 0, (|q1|, · · · , |qr|) > (|qr+1|, · · · , |qM |)]
= Psuc (14)

Therefore, the symbol correct rate of the proposed system,
Psuc, is given by
Psuc = Prob [(q1, · · · , qr) > 0, (|q1|, · · · , |qr|) > (|qr+1|, · · · , |qM |)]

= r!

Z ∞

0
p(X0)

Z ∞

0

1q
2πσ2

1(X0)
exp

j
− (q1 − μ1(X0))2

2σ2
1(X0)

ff

×
Z q1

0

1q
2πσ2

2(X0)
exp

j
− (q2 − μ2(X0))2

2σ2
2(X0)

ff

× · · · ×
Z qr−1

0

1p
2πσ2

r(X0)
exp

j
− (qr − μr(X0))2

2σ2
r (X0)

ff

×
MY

i=r+1

"Z qr

−qr

1q
2πσ2

i (X0)
exp

j
− q2

i

2σ2
i (X0)

ff
dqi

#

×dqr · · · dq2 dq1 dX0

<

Z ∞

0
p(X0)

MY
i=r+1

"Z ∞

−∞

1q
2πσ2

i (X0)
exp

j
− q2

i

2σ2
i (X0)

ff

×
rY

j=1

"Z ∞

|qi|

1q
2πσ2

j (X0)
exp

(
− (qj − μj(X0))2

2σ2
j (X0)

)
dqj

#
dqi

#
dX0

(15)
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where X0 is the scintillation of desired user.
In Eq(15), the average and variance of the correlation value

of 1th slot, μ1(X0), σ2
1(X0) and the variance of the correla-

tion value of (r + 1)th slot, σ2
r+1(X0) are derived, respec-

tively, as

μ1(X0) = GTc
L

2

„
Me − 1

Me

«
λsX0 (16)

σ2
1(X0) = G2FeTc

"
L

2

„
Me + 1

Me

«
λsX0 + Lλb +

2Ib

e

#

+
2IsTc

e
+ σ2

th (17)

σ2
r+1(X0) = G2FeTc

"
L

λsX0

Me
+ Lλb +

2Ib

e

#
+

2IsTc

e
+ σ2

th. (18)

where G is the average APD gain, L is the length of the mod-
ified pseudo orthogonal M-sequences, Is is the APD surface
leakage current, Fe is the excess noise factor and σ2

th is the
variance of thermal noise. Fe and σ2

th are given by

Fe = keff G + (1 − keff )

„
2G − 1

G

«
(19)

σ2
th =

4kBTrTc

e2RL
(20)

where keff is the APD effective ionization ratio, kB is Boltz-
mann’s constant, Tr is the receiver noise temperature and RL

is the receiver load resistor.

6. Numerical results
In this section, we show the result from theoretical analysis
of the BER performance in the slot synchronous case. In the
multi-user case, we also present the BER performance of the
proposed system and that of the conventional MPPM with the
pseudo orthogonal M-sequences on the worst case condition.
Table 1 shows the numerical conditions for evaluation. We
use typical APD parameters[7][6] and assume that the slot
duration is 1/156 [μsec] and the length of modified pseudo
orthogonal M-sequence, L, is 16 [chip].

Table 1. The numerical conditions
Name Symbol Value

Laser wavelength 830 [nm]
Background noise Pb -45 [dBm]
Quantum efficiency η 0.6
Scintillation logarithm variance σ2

s 0.1
APD Gain G 100
Effective ionization ratio keff 0.02
Bulk leakage current Ib 0.1 [nA]
Surface leakage current Is 10 [nA]
Modulation extinction ratio Me 100
Receiver noise temperature Tr 1100[◦K]
Receiver load resistor RL 1030[Ω]

Figure 5 shows the BER versus the received laser power
per bit per frame Pbit for the proposed system (M = 4, r =
2), the binary antipodal DS/SS system, the OOK DS/SS sys-
tem and the conventional MPPM system (M = 64, r = 32).
The Pbit is given by

Pbit =
rL

2k
Pw (21)

where k [bit] is the message bits per frame and Pw [dBm]
is the received laser power per chip without scintillation. The
four systems achieve the same normalized throughput (0.9375
[bit/slot]) and the same bit rate (156 [Mbps]). We define the
BERs of the proposed system and the conventional MPPM
system are PSER/2. In Fig.5, the BER performance of the
proposed system is the best in the four systems.

−44 −40 −36 −32 −2810−6

10−4

10−2

100

Received laser power per per frame
without scintillation Pbit [dBm]

B
it 

E
rr
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 R
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Proposed system:r=2, M=4

Binary Antipodal DS/SS

OOK DS/SS

Conventional MPPM :
r=32, M=64

multi−user case
( N =15 )

single−user case
( N =1 )

Figure 5. BER versus received laser optical power per bit per frame Pbit
for the proposed system (M = 4, r = 2, L = 16), the binary antipo-
dal DS/SS system (L = 16) ,the OOK DS/SS system (L = 16) and
the conventional MPPM system (M = 64, r = 32, LM = 15).

7. Conclusion
In this paper, in order to realize high normalized throughput,
we have designed the modified orthogonal M-sequence sets
and have proposed the OCDMA system using MPPM with
the modified pseudo orthogonal M-sequence sets. Moreover,
we show the result from theoretical analysis of the BER of the
proposed system. Consequently, the normalized throughput
of the proposed system is better than that of the conventional
MPPM. Furthermore, in the same bit rate, the BER of the pro-
posed system is better than that of the conventional systems.
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